Alfisols and Ultisols of the semi-deciduous forest zone of Ghana are known to be moderately acid and very low in plant available phosphorus (P). These soils need to be fertilized to increase crop production but due to economic reasons local farmers are unable to afford water-soluble P fertilizers. Instead of expensive superphosphates, the use of less expensive phosphate rocks such as Togo rock phosphate (TRP), Gafsa rock phosphate (GRP) and 50% partially acidulated rock phosphate (PAPR) are possible alternative P sources for these soils. The rate of dissolution of TRP, GRP, PAPR and TSP in three benchmark soils of Ghana was assessed, and the effectiveness of these P sources determined in a greenhouse using maize (Zea mays var. Toxpino) as a test crop. The dissolution of the P sources in three soils Bekwai, Nzima (Ultisols) and Kokofu (Alfisol) along a toposequence was investigated in an incubation study and also in a greenhouse experiment. The rate of dissolution of the P fertilizers was determined in the laboratory by extracting with anion exchange resin membrane (AEM), 0.1M NaOH and 1M HCl at 21 days interval for 105 days. In the greenhouse study, each P source was added at the rate of 60 mg P kg -1 soil, and sown to maize (Zea mays. var.Toxpino) for 28 days. The results of the incubation study showed that the amount of P extracted by the AEM and HCl, following the addition of the P sources, decreased with incubation time in all three soils. However, there was an increase in NaOH-P in all the three soils as incubation progressed. The increase in the NaOH-P suggested that the dissolved P was adsorbed by Fe and Al oxides. The greenhouse results showed that dry matter yield was in the order TSP = PAPR > GRP > TRP. Relative to TRP, the PAPR and GRP were reactive enough to provide plant available P to satisfy the early P requirement for maize growth. Togo PR has little potential for direct application in the three soils.
Introduction
Food production in the semi-deciduous rainforest zone of Ghana is limited by low soil fertility. Phosphorus deficiency has been identified as one of the major soil fertility constraints in the soils (Owusu-Bennoah et al., 2000) . Many small-scale farmers in the zone find it increasingly difficult to afford water-soluble commercial P fertilizers because of high cost. Hence, the need to increase crop production with less expensive indigenous phosphate rocks (PRs) merits the attention of local researchers. Large deposits of phosphate rock exist in West Africa (McClellan & Notholt, 1996) , and their application to increase crop production has been investigated with varying degree of success (Khasawneh & Doll, 1978; Hammond, et al., 1986; Sale & Mokwunye, 1993) .
Two major factors are generally recognized as influencing P availability from phosphate rocks: (i) inherent differences among PR sources, and (ii) soil properties (Smyth & Sanchez, 1982) . Thus, the usefulness of these PRs to farmers will depend on their dissolution patterns and availability of the released P. The solubility of P may influence PR dissolution products since the P released from PRs is effectively removed from solution by iron and aluminium oxides, thus, creating a gradient for further dissolution of the PR. The solubility product principle suggests that the imposed gradient by reaction products may become an effective driving force for the PR dissolution. Calcium is one of the products of PR dissolution which is released to the soil solution in amounts proportionate to the rate of P released.
Estimates of PR dissolution in soils traditionally have involved (i) the use of exchange resins of various forms (Amer et al., 1955) , (ii) Bray-I extractable P, and (iii) measurement of compounds formed by secondary reactions of dissolved P such as Al-and Fe-P, and Ca-P in soils. Such P reaction products are measured by 0.1 M NaOH for Al-and Fe-P and 1 M HCl extractions for Ca-P (Hedley et al., 1982) . Few studies in Ghana have investigated the dissolution and amounts of plant-available P in soils to which PRs have been added. A better understanding of the reactions of PR in soils would be useful in assessing soils which could be suitable for PR application.
The objectives of the present study were (i) to assess the extent of dissolution of Togo rock phosphate (TRP), 50% partially acidulated Togo rock phosphate (PAPR) and Gafsa rock phosphate added to the Bekwai, Nzima and Kokofu soils, and (ii) in a separate greenhouse experiment, determine the effectiveness of these P sources in the three benchmark soils using maize as a test crop.
Materials and methods

Site characteristics and soils
The study site was located near the University of Ghana Agricultural Research Centre (ARC) at Kade (6 o 43' N: 1 o 36' W) in the Eastern Region of Ghana. The mean annual rainfall ranges from 1500 to 2000 mm. The vegetation is mainly forest re-growth with Chromolaena odorata, Mimosa pudica and Centrosema pube-scense as major plant species. Surface soils (0-20 cm) of Bekwai, Nzima (paleudult) and Kokofu (paleudalf) were sampled from their respective profiles. Bekwai and Nzima were upland soils and Kokofu, a lowland soil. The bulk soil samples were transported to the laboratory, air-dried, crushed and passed through a 2 mm sieve to remove twigs, plant roots and ironstone concretions.
Phosphorus sources
Phosphorus fertilizer sources used for the laboratory incubation and greenhouse studies were Togo rock phosphate (TRP), Gafsa rock phosphate (GRP), 50% partially acidulated Togo rock phosphate (PAPR) and triple superphosphate (TSP). Total P (P T ) of the P sources was determined after wet digestion using concentrated HNO 3 -60% HClO 4 mixture. Neutral ammonium citrate (1 N) soluble P and 2% citric acid soluble P of the phosphorus fertilizers were also determined by shaking the soil samples in the respective extractants, and P in the extracts was measured using spectrophoto-meter at 712 nm following the procedure of Murphy & Riley (1962) .
Laboratory analyses
Particle size distribution was determined by the hydrometer method (Bouyoucous, 1962) . Soil pH was determined using 1:2 soil:water ratio and also in 0.01 M CaCl 2 suspension. Total carbon was determined by Walkley & Black (1934) method and total N was determined by Kjeldhal method. Total P (P T ) of the soils was determined by a mixture of concentrated HNO 3 -HClO 4 digestion as described by Sommers et al. (1970) and available P by Bray & Kurtz (1945) method. Exchangeable cations (Ca, Mg, K and Na) in the soils were extracted with 1 N NH 4 OAc (pH 7.0) and Ca and Mg were measured using atomic absorption spectrophotometer. Sodium and K were measured by flame photometer. Exchange-able acidity of the soils was determined by 0.1 N NaOH titration after extraction with 1N KCl. Effective cation exchange capacity (ECEC) was calculated by summation of the basic cations and exchangeable acidity.
Incubation study
Two replicates of 200 g sieved (< 2 mm) samples of Bekwai, Nzima and Kokofu soil were each weighed into 250 ml plastic beakers. Weighed amounts of TRP, GRP, PAPR and TSP to supply 60 mg P kg -1 were added to each of the soils in the beakers and then thoroughly mixed. A control treatment without P was included. Distilled water was added to each soil to bring it to 60% field capacity. The set up was incubated at room temperature for 105 days. To assess the reaction and, hence, the availability of the different P sources in the soil, sub-samples of the incubated soils were taken every 21 days (i.e. 21, 42, 63, 84 and 105 days) and analyzed for resin-P, Fe/Al-P and Ca-P as described below.
Resin-P was extracted using anion exchange resin membrane (AEM). The AEM (9 × 62.5 mm) was charged by washing it for 3 days with several batches of 0.5 M HCl and finally rinsed with distilled water. The membranes were kept moist until ready to use.
A 0.5 g of the incubated soil was weighed into a 100-ml plastic bottle, a resin strip was put into the plastic bottle and then 30 ml of distilled water added. The plastic bottle was shaken for 16 h on an end-to-end mechanical shaker overnight at room temperature. The resin membranes were removed from the soil suspensions using forceps and then washed with distilled water to remove adhering soil particles. The soil suspension was then discarded and the bottles thoroughly washed. The resin strip membranes were placed in the clean bottles and 20 ml of 0.5 M HCl was added. This was shaken for another 16 h overnight to release the soil phosphate held onto the membrane. A 5-ml aliquot of the extract was taken and the desorbed phosphate analyzed using the Murphy & Riley (1962) method.
To determine Fe/Al-P in the incubated soils, 0.5 g of the soils was weighed into clean plastic bottles and 20 ml of 0.5 M NaOH added. The suspension was shaken as described above and P in the extract measured. Similarly, Ca-P was determined by weighing 0.5 g of the incubated soil into plastic bottles, 20 ml of 1M HCl was added and then shaken for 16 h and P in the extract determined.
Greenhouse experiment
The experimental design for the greenhouse study was a randomized complete block design involving the three soil series (Bekwai, Nzima and Kokofu), four P sources at a rate of 60 mg P kg -1 soil and a control. The experiment was replicated four times giving a total of 60 experimental units (5 Treatments × 3 Soils × 4 Reps). Equal amount (1.5 kg) of each soil was weighed into plastic pots and the P fertilizers (TRP, GRP, PAPR and TSP) were added at the rate of 60 mg P kg-1 soil. In adding the P sources, the soil in each pot was transferred into a large plastic basin and the weighed amount of the P source was added, thoroughly mixed and returned to the respective pots.
Four maize seeds were sown in each pot and distilled water was added to bring the soils to 60% field capacity. The blocks were rotated weekly to minimize uneven environmental effects within the greenhouse. The plants were thinned to two per pot 3 days after germination and were allowed to grow for 28 days. During harvesting, plants were cut at the soil surface and immediately weighed for the fresh weight. The plants were oven-dried at 70 o C to a constant weight. The dried plant materials were ground to pass through 1-mm sieve. One gram of each plant material was digested using 5 ml of concentrated H 2 SO 4 and 30% H 2 O 2 (Thomas et al., 1967) . Phosphorus in the digest was determined by Murphy & Riley (1962) method.
Results and discussion
General soil properties Selected properties of the soils are shown in Table 1 . Bekwai and Nzima (both Paleudult) and Kokofu series (Paleudalf) form part of catena of soils predominant in the semi-deciduous rainforest zone of Ghana. Properties of these soils included varying amounts of ironstone concretions (data not shown), a broad range of textural class (sandy clay loam to predominantly clay), low pH and low ECEC. The low pH implied that the PRs would dissolve fast in the soils. Levels of organic carbon (OC) ranged from 11.2 to 20.2 g kg -1
. The total N corresponded with the amounts of OC of the soils. That is, the Bekwai soil with a high amount of OC also had high total N content and the Kokofu soil had the least OC and total N ( Table 1) . Available P values were low for all the three soils which strongly suggested P deficiency in the soils and, hence, the need for fertilizer application (Mokwunye & Bationo, 2002) . Sahrawat et al. (1997) reported an extractable P of 12.5-15 mg P kg -1 (Bray 1 P) as critical range for rice and, most likely, for other cereals. The low available P content of the soils, despite a high total P, seemed to suggest that considerable proportion of the P was fixed and unavailable to plants. The exchange complex of the soils was dominated by Ca and Mg with Ca contributing about 50% to the ECEC. The mean Ca:Mg ratio of 3.7 of these soils was far below the critical value of 5.0 (Horvath & Todd, 1968) . Generally Ca:Mg ratio below 5.0 is an indication that Ca is more deficient than Mg in the soils.
Resin extractable P
The resin extractable P has been shown to be a useful index for estimating plant available P in soils to which PR materials have been added (Condron & Goh, 1989) . In general, the pattern of P extraction from the various P sources can be categorized into three groups depending on the ease of P released. Category 1 which had the highest solubility was made up of TSP and PAPR, category 2 was GRP and was of medium solubility and category 3 was the least soluble and that was Togo RP. The amount of resin extractable P from all the P sources in the three soils decreased with incubation time (Fig. 1) . The decrease was more obvious in Bekwai and Nzima soils than in the Kokofu soil. From the 12th to the 15th week, very low amount of P was extracted from all the P sources, indicating that less P remained in the soil for plant uptake within that period. In the Kokofu soil, differences in P dissolution among the rock phosphates were slight with increasing incubation period compared to the two upland soils, Bekwai and Nzima (Fig. 1) . The decrease in resin P was more gradual with time in the Kokofu soil. This trend tallied with that reported by Mackenzie (1971) when monocalcium phosphate was added to Ultisols and incubated at room temperature in a time series experiment. In the three soils, the least amount of resin extractable P released was obtained in the Kokofu soil. This may be attributed to the higher clay content in the Kokofu soil than in Bekwai and Nzima soils. Soil constituents responsible for P adsorption have been shown to be associated more with clay (Owusu-Bennoah & Acquaye, 1989; Abekoe & Sahrawat, 2001 ). The amounts of resin P extracted from TSP, PAPR and GRP were higher than that from TRP, a trend which followed the solubility characteristics of the P sources (Table 2) . 0.1M NaOH extractable-P 0.1 M NaOH solution extracts adsorbed P that is bound to Fe and Al oxides in soils (Williams et al., 1971) . Therefore, an increase in NaOH-extractable P in a soil to which PR is added provides a good estimate of the amount of P dissolved and retained by the soil (Hanafi & Syers, 1994) . The amount of NaOH-P extracted was different in the three soils (Fig. 2) . In the Bekwai and Nzima soils, there was a general increase in NaOH-P from the 3rd to the 15th week. The increase in NaOH-P may be due to P adsorbed onto Fe and A1 oxides as the phosphate rocks dissolve to release P ( Fig. 1 and  2 ). The NaOH-P extracted from TSP in the three soils was always higher than those from the other P sources due to the high solubility and availability of the water soluble commercial fertilizer, TSP. The amount of NaOH-P extracted from the Togo PR with time was generally much greater than in the control. There was a gradual increase of NaOH-P extracted from the 3rd to the 15th week in the Kokofu soil as well. The increase in NaOH-P extracted with time in soils has been reported by other workers (Mackay et al., 1984; Hanafi & Syers, 1994) . In the Kokofu soil also, the 0.1 M NaOH-P fraction from TSP was more than the other P sources, suggesting that most of the soluble P released from it is converted to adsorbed P associated with Fe and A1 (Sample et. al., 1980; Condron & Goh, 1989) .
1M HCI extractable-P
1 M HCI extractable P represents the amount of Ca-P in the PR that remained undissolved. The HCl extractable P decreased with time (Fig. 3) , suggesting the dissolution of the P sources in the soils. At each incubation period the amount of HCI-P extracted from TRP was similar to those from the other P sources. In general, there was no marked difference among the P sources with respect to HCI extractable P. 
Greenhouse experiment
In the greenhouse experiment the maize crop responded to the application of the P amendments, especially TSP, PAPR and GRP (Table 3 ). The variation in yield due to P sources was statistically significant (P < 0.05). Similar to the results of the incubation study, the dry matter yield (DMY) of the maize crop may be grouped into three categories; TSP and PAPR treated (category I) giving the highest yield, followed by GRP (category 2), and the TRP treated soils (category 3), gave the least DMY of maize shoot. Dry matter yields obtained from GRP were found to be significant in all the three soils with respect to the TRP. Leon et al. (1986) suggested that GRP is more available to plants than many phosphate rocks. These results are consistent with the solubility properties of the P sources (Table 2) . Triple superphosphate had the highest neutral ammonium citrate soluble P (18.1%) whereas TRP had the least. This, therefore, explains why TSP gave the highest DMY of shoot in all the soils, while TRP gave the least. The increased growth may be attributed to improved uptake of P from the soils by the test crop. The DMY for TRP was similar to the control treatment signifying the low reactivity of the Togo rock phosphate. (DMY) = Dry shoot weight; P-UP = Total P-uptake of shoot.
Figures in the same column followed by the same letter are not significantly different.
In terms of P-uptake, there was no significant difference between TSP and PAPR treatments. Total P-uptake from GRP was lower than those from TSP and PAPR. Total P-uptake from TRP and control was found to be similar in all the soils (Table 3 ). In general, the variations in Puptake followed closely those of the dry matter yield. Similar results have been reported by
